A metric-affine approach is employed to study higher-dimensional modified gravity theories involving different powers and contractions of the Ricci tensor. It is shown that the field equations are always second-order, as opposed to the standard metric approach, where this is only achieved for Lagrangians of the Lovelock type. We point out that this property might have relevant implications for the AdS/CFT correspondence in black hole scenarios. We illustrate these aspects by considering the case of Born-Infeld gravity in d dimensions, where we work out exact solutions for electrovacuum configurations. Our results put forward that black hole singularities in arbitrary dimensions can be cured in a purely classical geometric scenario governed by second-order field equations.
I. INTRODUCTION
A major reason to consider the physics of modified gravities in extra dimensions is provided by the Anti-deSitter/Conformal Field Theory (AdS/CFT) correspondence. This is a duality relating the physics (more precisely, the thermodynamics) of black holes defined in AdS space (n-dimensional) and the CFT lying on its ((n − 1)-dimensional) boundary [1] . It constitutes an example of the more general concept of gauge/gravity dualities and holography, by which the physics of the interior of a system can be described through the physics of its boundary. Even though the AdS/CFT correspondence was originally developed within string theory, it has farreaching consequences and applications in other areas, such as in the description of strongly-interacting and condensed matter systems [2] . One can thus forget about the original motivation for the correspondence, focus on the analysis of properties of black holes in AdS space-times, and try to work out the corresponding aspects of the CFT using the dictionaries established in the literature [3] .
On the CFT side, one of the most interesting cases is the four-dimensional one, implying that one is led to consider gravity theories in five dimensions. An important lesson of the existing AdS/CFT dictionaries, is that new couplings and interactions in the gravitational sector added to the Einstein-Hilbert (EH) Lagrangian of General Relativity (GR) have a direct correspondence on the CFT side. By adding new elements in the gravitational sector one could thus explore new couplings in the CFTs. However, the addition of higher-order curvature * bazeia@fisica.ufpb.br † losano@fisica.ufpb.br ‡ gonzalo.olmo@csic.es § drubiera@fudan.edu.cn ¶ asanchez@ific.uv.es invariants in the gravitational sector usually gives rise to higher-order derivative field equations. This largely prevents finding analytical solutions and usually results in the appearance of ghosts and instabilities, which casts severe doubts on the physical consistency of the corresponding theory.
A well known way out of this problem is to consider a particular combination of quadratic corrections to the EH Lagrangian that removes the undesired higher-order derivative terms, known as Gauss-Bonnet theory. In this theory, in addition, exact solutions can be obtained [4] . This theory contains a single independent parameter, which limits the range of dual CFTs that can be studied. A natural next step is to add cubic curvature terms to the Gauss-Bonnet theory in appropriate combinations so as to keep second-order field equations. This procedure can be generalized to arbitrary orders by means of the so-called Lovelock theories [5] . A drawback of using the Lovelock approach to add cubic couplings is that in five and six space-time dimensions the corresponding cubic terms become topological invariants. This means that they add no new contribution to the field equations (the same applies for the Gauss-Bonnet combination in four space-time dimensions). One is thus faced with a serious limitation to include new curvature couplings in the gravitational sector which can contribute in a nontrivial manner to the field equations, which would have an impact on the dual CFT.
To circumvent this argument, a new procedure has been developed based on the addition of a set of new curvature-cubed terms to the action in five dimensions such that, though the field equations are, in general, of third-order, the linearized equations describing gravitons propagating in the AdS background are second-order [6] . They are called "quasi-topological gravities", as the extra terms are not topological invariants any longer. However, besides the lack of naturalness in this procedure, as a matter of fact one is forced to solve highly compli-cated equations where solutions are only obtained under restrictive conditions. Extra freedom in these theories is thus limited and a aesthetically more appealing approach would be desirable.
In this work we consider a different approach to this problem and face it from the perspective of metricaffine (or Palatini) geometry. In the Lovelock and quasitopological approaches, one implicitly assumes the hypothesis that the connection is metric-compatible, i.e., that it is defined a priori in terms of the Christoffel symbols of the metric. This assumption, which is more a historical convention than an experimentally supported fact 1 , is at the root of the limitations of the previous approaches. We will see that relaxing the compatibility condition between metric and connection and allowing the connection to be determined by the field equations generically produces ghost-free, second-order metric field equations. This strategy, therefore, provides a fair amount of freedom in the gravitational couplings without the restrictions of Lovelock theories and quasi-topological models.
It is worth stressing at this point that metric and connection carry very different physical meanings. While the former deals with properties locally defined in space, such as measurements of lengths, areas, volumes, etc, the latter is related to properties remaining invariant under affine transformations, such as parallelism (see [9] for a pedagogical discussion). Forcing these two structures to be related to each other a priori is an unnecessary constraint that limits the potential of these theories. In the metric-affine viewpoint, the field equations are obtained by independent variation with respect to metric and connection. As we will see, in many cases of interest, the connection turns out to be a constrained (non-dynamical) object which, in general, differs from the Levi-Civita connection (the exception to this rule corresponds precisely to Lovelock theories [10, 11] ). As GR is a particular case of Lovelock gravities, one finds that the Palatini approach gives in this case the same results as the standard metric approach. However, in general, the mathematical and physical properties of modified gravities in the metric and Palatini approach largely differ from each other (see [12] for a review on the topic).
As already mentioned, a key aspect of the Palatini formulation is that, for a large family of functional forms of the Lagrangian density, the field equations turn out to be second-order. This is so due to the active role played by the matter in the construction of the connection. In particular, in absence of matter fields, the connection becomes metric compatible and the field equations boil down to those of GR with a cosmological constant term, which avoids the presence of extra propagating degrees of freedom. When matter is present, the connection equation can be seen as defining the Levi-Civita connection of a new metric h µν , which is algebraically related to the metric g µν originally appearing in the action. This algebraic relation depends on the matter sources and on the particular gravity Lagrangian chosen. Additionally, one finds that the field equations for h µν can be cast in Einstein-like form, which greatly simplifies their resolution.
Recently, we have successfully applied this formalism to the case of higher-dimensional f (R) Palatini theories and worked out exact solutions in the five-dimensional case [13] . Now we extend the scope of the methods developed there by considering the case of theories including also powers of the Ricci-squared scalar, Q = R µν R µν , and other curvature contractions. In particular, we consider a gravitational Lagrangian of the Born-Infeld type, which formally contains up to four powers of the Ricci tensor. We derive the field equations for these theories and write them in terms of the h µν metric to highlight their second-order character and how a cosmological constant naturally emerges. Focusing on Born-Infeld gravity, we work out exact solutions corresponding to an electrostatic spherically symmetric electromagnetic field. A discussion on the internal structure of its solutions and its implications is provided. In particular, we show that these solutions are self-gravitating structures with nontrivial (wormhole) topology and, at the same time, are geodesically complete and non-singular. This is so despite the presence of curvature divergences, which demands for a reconsideration of the role traditionally attributed to curvature invariants to characterize spacetime singularities, since their presence in our scenario pose no obstacle for the extendibility of paths through the wormhole.
Regarding this last point, we note that one's intuition tends to establish a correlation between space-time singularities and curvature divergences. In fact, this question has been discussed in the literature from different perspectives, including the viewpoint from the philosophy of science (see [14] and references therein). However, from a mathematical perspective, the characterization of singular space-times is more subtle [15] [16] [17] . In this sense, even Minkowski space-time with a point (or small domain) removed can be regarded as singular despite the complete absence of curvature divergences. The key point is that the removal of a point (domain) has a deep impact on the existence of physical observers. If observers are regarded as point-like entities that follow geodesics, the removal of a point (domain) implies that observers reaching to that point (domain) may simply cease to exist there (or come into existence from nowhere). Since that point (domain) does not belong to the space, physical observers are simply not defined there. There is no Physics at that point (or domain). Whether an extended object can experience arbitrarily high accelerations or deformations due to curvature divergences is of secondary importance as long as it can exist. The key point, therefore, is the existence of physical observers, which are characterized by complete geodesics.
In a series of previous papers, some of us addressed the issues of geodesic completeness in black hole space-times with wormhole structure [18] , the impact of curvature divergences on extended observers (defined by geodesic congruences) [19] , and also the characterization of curvature divergences by means of the scattering of (scalar) waves off the effective potentials that they generate [20] . It was found that these space-times are geodesically complete, that the volume of extended objects remains finite as the divergent region is crossed, and that wave propagation is uniquely determined across the curvature divergence, being possible the computation of the reflection and transmission coefficients that characterize the barrier associated to the curvature divergence. In this work we will extend some of those results derived in four space-time dimensions to the higher dimensional case.
II. PALATINI THEORIES WITH RICCI SCALAR AND RICCI-SQUARED INVARIANTS
In order to illustrate the basic strategy to deal with Palatini theories, consider d-dimensional theories defined by the following action
where κ 2 is a constant related to d-dimensional Newton's constant in appropriate system of units, g is the determinant of the space-time metric g µν , the curvature invariants R = g µν R µν and Q = R µν R µν are constructed with the Ricci tensor, R µν = R ρ µρν , which follows from the Riemann tensor
In these expressions the connection Γ ≡ Γ α µν is a priori independent of the metric g µν . For simplicity, we assume that the connection is not coupled to the matter action, S m , which depends only on the metric and on the matter fields, denoted collectively as ψ m . In general, the antisymmetric parts of both the connection (called torsion), Γ α [µν] , and the Ricci tensor, R [µν] , can be nonvanishing. In this work, however, both contributions are neglected for simplicity (see [21] for a discussion of the general case). Under these conditions, variation of the action (1) with respect to metric and connection yields
where we have used the short-hand notation f X ≡ ∂f /∂X. An important point now is to realize that the Ricci tensor is an object constructed only with the connection and, therefore, does not depend on the metric g µν . This point is crucial to understand the different structure of the field equations as compared to the (more standard) metric approach. In the Palatini formulation, we have to write the variation of R µν in terms of the variation of the connection. To do this we make use of the relation
λµ (valid for torsionless connections [22] ), and consider the piece of the variation in Γ λ µν as
where we have introduced the object
Integrating by parts we obtain
Contracting λ and ν in the expression above leads to
In summary, the system of metric and connection equations for the action (1) in the Palatini formalism with the assumptions above becomes
where
δgµν is the energy-momentum tensor of the matter.
To solve these equations we must first show that (8) is linear in the connection. At first sight this is not obvious and, in fact, the definition (5) suggests that (8) is a nonlinear equation with up to second-order derivatives of the connection. The point is that one can use (7) to show that the object P µ ν ≡ R µα (Γ)g αν is an algebraic function of T µ ν , which allows to get rid of the connection dependence of M µν in favor of a dependence on the matter fields and the metric. To see this, we rise one index in (7) with g µν to obtain
By noticing that R = P µ µ and Q = P µ ν P ν µ , it follows that P µ ν must be an algebraic function of T µ ν . Eq.(8) can thus be written as
can be regarded as a function of the matter fields, i.e., P =P (T ), with a hat denoting matrix representation of P α ν and T α ν . In this form, the connection in (10) appears linearly and can be solved by means of elementary algebraic manipulations, in much the same way as the equation ∇ λ ( √ −gg µα ) = 0 is solved in the Palatini version of GR (see chapter 21 of [23] for details). This can be seen by just proposing the existence of a rank-two tensor h µν such that
which turns (10) into ∇ λ ( √ −hh µν ) = 0. This shows that the independent connection Γ α µν can be written as the Levi-Civita connection of the auxiliary metric h µν . Note that this formal solution is valid for arbitrary Lagrangian f (R, Q).
The explicit relation between h µν and g µν can be obtained by noting that h = g|Σ| 
The metric field equations (7) can be conveniently written in terms of h µν by noting that (9) can be written as
Using the relations (13), one easily verifies that
where R µ ν (h) = R µα h αν . Several comments are in order. First we note that this formal representation of the field equations recovers GR as a particular case when f (R, Q) = R, because in that caseΣ =Î and g µν = h µν . On the other hand, it puts forward that the metric h µν satisfies a system of secondorder field equations with the matter sources on the right hand side (recall that R and Q are functions of T µ ν ). Since the physical metric g µν is algebraically related to h µν via the matter-induced deformation Σ α β , it follows that g µν is also governed by second-order equations. To explore the properties of vacuum solutions, it is useful to complete the square in (9) and put it (in matrix notation, for simplicity) as
In vacuum,T = 0, it follows thatP = α(R, Q)Î, where the explicit form of α(R, Q) is not relevant for the discussion. From this relation one finds two constraints,
2 , which imply that in vacuum R and Q must be constants. We thus find that Σ µ ν ∝ δ µ ν , with the proportionality factor being a constant, which allows to write (15) as R µν (g) = Λ ef f g µν . This shows that regardless of the f (R, Q) Lagrangian, the vacuum equations of the theory exactly recover the GR equations with an effective cosmological constant Λ ef f , whose form depends on the particular f (R, Q) function chosen.
We have just seen that in the Palatini framework f (R, Q) theories provide second-order modified dynamics with the same number of propagating degrees of freedom in vacuum as GR. The presence of matter fields induces a nontrivial deformation between the metrics g µν and h µν which can have remarkable consequences in black hole scenarios, such as the replacement of the central singularity by a wormhole [13] . The second-order character of the field equations is guaranteed for arbitrary f (R, Q) Lagrangian, polynomial or not, which contrasts with the tight constraints that appear in the usual metric formalism and motivate Lovelock theories and the quasitopological models mentioned in the introduction. One is thus free to introduce new curvature couplings in the gravitational action without worries about the generation of ghosts or higher-order derivatives. The price to pay, however, is the need to solve algebraic equations required to express R and Q as functions of the matter fields and the coupling parameters. Some analytically tractable models of the f (R) type have already been discussed in [13] . The introduction of a Q−dependence makes the analysis a bit harder, though some tractable ad hoc models can be found. In the next section we consider a better motivated theory which admits a complete analytical treatment and possesses all the algebraic properties found in the f (R, Q) models presented here.
III. BORN-INFELD GRAVITY IN d DIMENSIONS
An interesting proposal for a high-energy gravitational action that recovers GR at low curvatures is that of Born-Infeld gravity. The idea is to construct a gravitational analog of the non-linear (classical) extension of Maxwell electrodynamics introduced by Born and Infeld [24] , where the Maxwell action is replaced by a squareroot form. In this way, both the divergence of the field strength tensor and the self-energy associated to charged particles are removed within a classical model of the electromagnetic field. Deser and Gibbons [25] considered its gravitational counterpart by essentially replacing the field strength tensor by the symmetric Ricci tensor ob-
where the same notation as in the previous section applies. The constant ǫ is a characteristic parameter of the theory with dimensions of length squared, and whose sign and value depend both on theoretical grounds and on its compatibility with experiments. This theory has attracted much interest in the last few years, with applications in astrophysics [26] , cosmology [27] , and black hole scenarios [28] . This theory has also motivated new families of high-energy modifications of GR [29] . The meaning of the parameter λ in (17) follows from an expansion of the gravity sector, S BI , in series of ǫ → 0 as
where Λ ef f = λ−1 κ 2 ǫ plays the role of the effective constant of the theory. This series expansion allows to see that BI gravity recovers the action of GR plus a cosmological constant in d dimensions at low curvatures, with the next-to-leading order corresponding to that of a specific quadratic f (R, Q) theory. Higher orders in this expansion involve contractions and products of increasing powers of the Ricci tensor.
The Lagrangian density appearing in (17) can be conveniently rewritten by defining q µν ≡ g µα (δ α ν + ǫP α ν ), where P α ν ≡ g αβ R βν (Γ), and denoting Ω α ν ≡ g αβ q βν = δ α ν + ǫP α ν . With this definitions, we haveΩ =ĝ −1q and Ω −1 =q −1ĝ (where a hat denotes matrix representation), which turns (17) into
This also suggests that BI gravity is a particular example of a more general family of theories, defined by the Lagrangian density L G = f (|Ω|), with f = |Ω| the BI case (see Ref. [30] ). Following the same procedure as in the f (R, Q) case, variation with respect to metric and connection leads to the following field equations
From the connection equation one readily sees that the connection is compatible with the rank-two tensor q µν . Lowering an index in Eq. (20) with g µν and using the relationΩ −1 =q −1ĝ introduced above, it follows that (20) can be rewritten as
This equation puts forward that, like in the f (R, Q) case, the metric g µν and the metric q µν associated to the connection are related by a matrixΩ which is fully determined by the matter sources. It is worth noting that definingΥ ≡ |Ω| 1/2Ω−1 , the relation between g µν and q µν take the form
which are formally identical to those given in Eq. (13) for the f (R, Q) theories withΥ playing the role ofΣ. The field equations for the metric q µν can also be written in compact form. Starting with the definition of q µν written in the form ǫR µν (Γ) = q µν − g µν , we can raise an index with the metric q αν to obtain ǫR µ ν (q) =
αν is the Ricci tensor of the metric q µν . Using now Eq. (22), and the
where we have used the fact that the Lagrangian in the action (17) can be written as
Remarkably, the form of the field equations (24) for the BI theory, which constitutes a well motivated extension of GR, is identical with the form found for f (R, Q) theories in (15) , with the gravity Lagrangian in the f (R, Q) case given by L f = f /2κ 2 . This formal representation of the field equations is quite general in Palatini theories, though some slightly different examples are known [31, 32] . Let us point out that, in the four dimensional case it has been observed that BI gravity coupled to an electromagnetic field coincides with the action of the quadratic theory, not only at the perturbative level (see Eq. (18)), but to all orders, because the higher-order terms cancel out exactly due to the structure of the matter energy-momentum tensor [28] .
Like in the f (R, Q) case, Eq.(24) constitutes a system of second-order field equations for the metric q µν . Given that it is algebraically related via Eq.(23) with g µν , it follows that g µν also satisfies second-order equations. It also confirms, that this framework naturally accommodates a cosmological constant term, as long as λ = 1. In vacuum, T µ ν = 0, a glance at (22) confirms that the theory boils down to GR plus a cosmological constant term, in agreement with this general property of Palatini f (R, Q) gravities.
IV. ELECTROVACUUM SOLUTIONS
In this section we shall work out black hole solutions of Born-Infeld gravity coupled to a spherically symmet-ric electric field in arbitrary dimensions, for which exact analytical solutions may be found.
A. Action and field equations
The matter (Maxwell) action in d dimensions can be written as
where F µν = ∂ µ A ν − ∂ ν A µ is the field strength tensor of the vector potential A µ . Let us assume a static spacetime with a maximally symmetric (d − 2)-dimensional subspace (which could be spherical, flat, or hyperbolic) with a line element of the form
where dΩ
denotes the infinitesimal line element of the maximally symmetric subspace and r(x) 2 , g tt , and g xx are functions of the spatial coordinate x. In the spherical case, dΩ 
The energy-momentum tensor for an electromagnetic field,
, defined by (28) takes the form (from now on n ≡ d − 2)
. This T µ ν does not depend explicitly on the metric components g tt and g xx , which simplifies the resolution of the equations. To fully specify the field equations in this scenario we need the explicit expression ofΩ following from Eq. (22), which in our case reads
where we have introduced the simplifying notationX ≡ ǫκ 2 8π X. Given the symmetry of our problem, we now propose the following ansatẑ
Since the determinant ofΩ is |Ω| = Ω 2 + Ω n − we solve (30) to obtain
The functions Ω ± determine the relative deformation between g µν and q µν and play a major role in the properties of the corresponding solutions. We now replace Eqs. (31) into the Lagrangian density (33) , which becomes
From (33), (31) and (29) the field equations follow immediately after a bit of algebra:
These field equations hold irrespective of the number of space-time dimensions and arise as an elegant extension of the four-dimensional counterparts studied in [28] .
B. Formal solution of the field equations
To solve the field equations (34) we introduce a line element for the metric q µν of the form
where ψ(x), A(x), andr(x) are three functions to be determined by the field equations. Note thatr(x) is, in general, a function of the radial coordinate x. With the line element (35) we can compute the components of the Ricci tensor in d dimensions. The corresponding expressions have been worked out in detail in Appendix A. Equating such components to the right-hand-side of the field equations (34) we find that R t t − R x x = 0 which, from Eqs.(A13) and (A14), implies thatr xx = ψ x r x , which upon integration givesr x = e ψ . This allows us to introduce a new function A → A/r 2 x and redefine the x coordinate asr 2 x dx 2 → dx 2 so that the line element may be written in a standard Schwarzschild form
where now the role of x as a radial coordinate is apparent. This leaves a single independent equation for A(x), which from (A15) and (34) reads
where k = −1, 0, +1 is the curvature of the maximally symmetric subspace. In this work we shall focus on the case k = +1 for simplicity (see however [33] for some examples of topological black holes). We now take a mass ansatz in d dimensions:
where M (x) is the mass function. Replacing this expression into equation (37) we find
On the other hand, from the relationΩ =ĝ −1q it follows that
where (a, b) contains the 2 × 2 block and (m, n) the maximally symmetric sector (see Appendix A for more details on the notation). It thus follows that the relation between the radial coordinate x and the function r 2 (x) of the metric g µν is given by
Taking a derivative in this equation, using the relation Ω = (λ +X) and gathering terms, we obtain
Combining these results with Eq.(39) we get
It is convenient at this point to introduce some simplifying notation. First, since we are mainly interested in the case ǫ < 0 (to meet the four-dimensional results studied in [28] ) we redefine ǫ ≡ −l 2 ǫ where l ǫ is some length scale. The radial variable is rescaled as z ≡ r/r c , where r
representing a length scale associated to the electric charge. With this notation, we getX = −1/z 2(d−2) , which is clearly dimensionless. With these elements we can integrate (43) as M (z) = M 0 (1 + δ 1 G(z)), where M 0 is a constant identified with the Schwarzschild mass in vacuum, δ 1 is a dimensionless constant defined as
and the function G(z), which accounts for the electric field contribution, satisfies
Putting all these elements into (38) one arrives at the following formal expression
where δ 2 is another dimensionless constant given by
To obtain the physical line element associated to g µν , we use Eq.(40), which yields
The set of equations (48), (46 and (45) , with the definitions (44) and (47) and the area function r 2 (x) defined implicitly in (41), provide a full solution for the problem of Born-Infeld gravity coupled to a spherically symmetric electric field in arbitrary space-time dimensions.
C. Exact solution and series expansions
In order to better understand some important aspects of these solutions, before considering the explicit resolution of (45) we show how to obtain an explicit expression for r 2 (x) in (41). For simplicity we consider an asymptotically flat configuration, without cosmological constant, such that λ = 1. The λ = 1 case has been considered in four dimensions [34] . Using the notation introduced in the above discussion, we can write (41) as
It is clear from this relation that z ≥ 1, i.e., it can not become smaller than 1. The equality z = 1 occurs when x = 0. This has consequences for Eq.(45), which has a divergence at z = 1. This is just a manifestation of the fact, well known in four dimensional models, that the area function z(x) ≡ r(x)/r c is not a good coordinate at x = 0. In fact, from (42) one can readily verify that dr/dx vanishes at x = 0 (or r = r c ), which signals a minimum in the function r(x). As is well known, the area function r(x) can only be used as a coordinate in those intervals in which it is a monotonic function [35] . To cover that point, therefore, one should use the coordinate x, for which the function G(x) is well behaved. Now, with simple manipulations, (49) can be written as
which is just a standard quadratic algebraic equation for z d−2 . The solution is straightforward and leads to (see 
The modulus in the coordinate x follows from the fact that it appears as x 2 in the original relation (41) and because the range of definition of x can be extended to the whole real axis. This gives consistency to our spherically symmetric, sourceless electric field, whose effective charge now appears as a topological property of the electric flux through a wormhole (see also Sec.IV E below). The throat of this wormhole is located at x = 0, where the area function r(x) reaches its minimum value. Now that the domains of the radial coordinate x and the area function r(x) have been clarified, we proceed to solve (45) to obtain G(z). We will focus on the asymptotically flat case λ = 1. Using the binomial expansion of the different functions that appear on the right-hand side of this equation, an exact solution in terms of infinite power series can be obtained for arbitrary dimension. In general, the solution takes the form (d ≥ 4)
where 2 F 1 is a hypergeometric function. One can verify that in the limit z → ∞ the GR result is recovered,
The other limit of interest is when z → 1. In that case, we find
(53)
where Γ[a] is Euler's gamma function. The expansion of the metric function (46) near the wormhole throat becomes
One can readily verify that this function diverges at z = 1 if We can now consider the form of the metric component g tt = −A(z)/Ω + around the region z = 1, which takes the form
For δ 1 = δ d , the first term in this expression provides the main contribution. In terms of the coordinate x, near x → 0 it turns into
For δ 1 = δ d , we find instead
(60)
From this last expansion, it is easy to see that only in d = 4 can the near-wormhole geometry be free of curvature divergences, as any derivative of the metric near x → 0 will introduce inverse powers of |x| even in the regular case. Unlike in d = 4, no horizonless solutions can exist for d > 4 even if
In that case, however, the event horizon is not hiding any interior region, as it only exists at the wormhole throat, acting in this way as a kind of membrane that separates two asymptotically Minkowskian space-times.
D. Curvature scalars
To better understand the properties of curvature in these geometries, we now compute the Kretschmann scalar, K = R αβγδ R αβγδ (see Appendix B) around the region x = 0 where the deviations with respect to GR occur. For arbitrary values of the parameters δ 1 , δ 2 we can use Eq.(59) together with (B11) and (B12) to expand in series around x = 0 (z = 1). We first check the far limit behavior, z ≫ 1, which yields K d ∼ 1/r 4(d−2) , in agreement with the behaviour of the Kretschmann scalar in the RN case of GR. On the other hand, for x ≃ 0, the corresponding result admits a generic expression
. . are constants multiplying each term in the series. The expansion around x ≃ 0 can be easily transformed into an expansion in z just by using (51), which behaves there as
. The expansion in (61) shows that the degree of divergence grows with d. In the leading-order term we always find a factor (δ 1 − δ d ), which means that the degree of divergence is softened in the case δ 1 = δ d . Replacing this choice in the metric expressions, and performing again series expansions around x ≃ 0 yields
. . is a set of new constants. This expansion is still divergent for d > 4 (in terms of z one finds the same degree of divergence, namely, ≃ C d /(z − 1) 2 ), though it can be further smoothed out if the ratio δ 2 /δ d is properly chosen, but divergences still persist. However, for d = 4, the δ 1 = δ d case leads to finiteness of the Kretschmann (and other curvature scalars), since one obtains C 4 = E 4 = 0 and
which is a result already found in the literature [36] .
E. Electric flux and action integral
As pointed out above, from the analysis of the radial function r(x) given by Eq.(51) (see Fig.1 ) we concluded that our geometry represents a wormhole space-time. We can reinforce this interpretation by exploring in some detail the origin of the electric charge associated to our solutions. The electric charge can be defined via the flux integral
where * F is the Hodge dual to the electromagnetic field tensor, and the integration takes place over a boundary defined by a (d − 2) closed hypersphere S d−2 , with
2 ] representing the volume of a unit (d − 2) sphere. The hypersurface S d−2 contains the minimal sphere x = 0 in its interior and, for this reason, the net flux is non-zero and yields a finite charge q. The hypersphere can be chosen to be on the side x > 0 or on the side x < 0. If its orientation is chosen in the direction of growth of the (d − 2)−spheres, then the charge estimated by an observer in x > 0 has different sign from that computed by an observer in x < 0. This type of solutions were first described by Wheeler and Misner as the result of the combination of free electric fields with non-trivial topologies [37] , giving rise to the notion of mass without mass and charge without charge.
An important property of these solutions is that the area of the wormhole,
, grows with the intensity of the electric flux in such a way that the electric field at the throat is a universal constant independent of the particular charge or mass characterizing the solution. In fact, dividing the electric flux by the area of the wormhole throat, we find
where, recall, l ǫ is the scale characterizing the Born-Infeld Lagrangian and κ 2 is proportional to Newton's constant in d dimensions. This puts forward the existence of topological properties (associated with the wormhole structure) which are independent of the particular geometrical aspects of the solutions. Note that in the limit l ǫ → 0, where GR is recovered and the wormhole shrinks to zero area, the above quantity diverges.
Another interesting aspect to note is the fact that the spatial integral of the action describing these solutions is finite. Without knowing the explicit form of the solutions, it is possible to evaluate the integral in (19) to obtain a generic result that signals another universal property of these solutions. This integral can be written explicitly as (38) to make it dimensionally consistent (with M 0 a mass), and using the definition of δ 1 , we can rewrite the factor in front of the integrals as
Evaluation of the integral gives the highly nontrivial result
where δ d is the coefficient defined in (54) resulting from the series expansion of the function G(z) in the limit z → 1 (or x → 0). This result is a rather generic property of this type of theories and is not restricted to the coupling of gravity with Maxwell's electrodynamics [38] . The wormhole structure has been essential to regularize the radial integral, which diverges in GR because in that case the integration extends down to 0 in its lower range. The factor 2 multiplying the mass is due to the need to integrate on both sides of the wormhole. Interestingly, the resulting action coincides with that of a relativistic point particle of mass 2M 0 δ1 δ d at rest.
V. GEODESICS
We have seen above in Sec.IV D that curvature divergences arise generically at the wormhole throat, which are frequently regarded as a sign of the existence of spacetime singularities. However, singular space-times are actually characterized by the existence of inextendible paths [14, 15] . In particular, if there exist null or timelike geodesics which cannot be extended to arbitrarily large values of their affine parameters, i.e., if they have a beginning or an end, then the space-time can be regarded as singular. In this section we address this important point of the geometries presented above. A comprehensive discussion of the case d = 4 appears in [18] .
Taking advantage of the high degree of symmetry of our spherical space-times, instead of solving the geodesic equation, we work directly with the norm of the tangent vector of geodesics and its conserved quantities. Denoting the geodesic paths as γ µ (τ ) = (t(τ ), x(τ ), θ i (τ )), conservation of angular momentum implies that we have (d − 2) relations of the form L i = g ii dθi dτ . Because of spherical symmetry, we can rotate the coordinates so that the first (d − 3) angles are fixed at π/2 and all the motion takes place in the last angle, θ d−2 ≡ ϕ, so the conserved quantity that matters is the total angular momentum L = r 2 dϕ dτ . Time translation invariance gives another conserved quantity, namely, E = −g tt dt dτ . The radial component of the geodesic tangent vector is thus governed by
where η = 0, 1 for null or time-like geodesics, respectively. The ± sign in (68) denotes outgoing/ingoing geodesics. From this last equation, we see that the motion in the radial direction is analog to that of a particle of energy E = E 2 in a one dimensional potential
For null radial geodesics, η = 0 = L 2 , the geodesic equation admits an exact analytical expression in the form
where 
A plot of Eτ (x) is shown in Fig.2 , from which one readily sees that the affine parameter can be smoothly extended across the wormhole throat regardless of the parameters characterizing the solution.
We now consider time-like and null geodesics with L 2 = 0 and focus on those which can get very near the wormhole throat to explore their extendibility through the region with curvature divergences. We will thus use the approximations given in (59) and (60) for g tt in V ef f (see Eq. (69)). These paths can be classified in three groups, depending on the value of δ 1 :
• If δ 1 > δ d , the potential near the wormhole is an infinite barrier, V ef f ∼ 1/|x|, and the geodesics do not reach the wormhole. In these configurations, the wormhole is in a time-like region (below the inner horizon) and, therefore, these geodesics can be extended to arbitrary values of their affine parameter in much the same way as in GR. • If δ 1 < δ d , the potential is an infinite well, and the geodesic reaches the wormhole. Near the wormhole
|x| [see (59)], and Ω + ≈ 2|x| (4−d) . It is possible to integrate (68) in the neighbourhood of the wormhole to obtain ±
is clear that the range of the proper time τ extends over the whole real line.
• If δ 1 = δ d , g tt is either proportional to |x| (d−4) or to |x| (d−2) as the wormhole is approached and V ef f can be neglected if d > 4 (see [18] for a discussion of the d = 4 case). We thus find that
, which also allows the affine parameter to smoothly go through the x = 0 region.
We have thus seen that in all those cases in which geodesics can reach the wormhole, the affine parameter τ (x) can always be extended through it to cover its whole domain of definition over the real line. We also note that the integration of dϕ dτ = L/r 2 (x) leads to a welldefined and continuous ϕ(τ ) because r(x) → r c > 0 as x = 0, being the integrand finite everywhere. Integration of the coordinate t(τ ) is also smooth and gives the
where t c is the value of the coordinate t at the point of crossing the wormhole. These results confirm that the existence of curvature divergences at x = 0 does not prevent in any way the extendibility of geodesic paths, which puts forward that these space-times are nonsingular.
VI. CONCLUSIONS
In this work we have considered metric-affine (or Palatini) extensions of GR including powers of the curvature scalar, R, and the Ricci tensor in an arbitrary number of space-time dimensions. This scenario generalizes that of five-dimensional f (R) theories studied in [13] , and that of four-dimensional f (R) [39] , f (R, Q) theories [36] , and Born-Infeld gravities [28] . We have explicitly shown that the field equations are always second-order and ghostfree, as they naturally recover the GR equations in vacuum. This property is a result of the independence of the connection with respect to the metric. These theories, therefore, provide an appealing new scenario to investigate aspects of the AdS/CFT correspondence.
We have shown that the connection satisfies a set of algebraic, non-dynamical equations that result from the variation of the action with respect to it. The solution to those equations implies that an auxiliary metric q µν can be defined such that the independent connection coincides with the Christoffel symbols of q µν . The field equations for q µν can then be cast in Einstein-like form, with the right-hand side of the equations representing a kind of modified matter source, whose form depends on the particular gravity Lagrangian chosen. As the physical metric g µν is algebraically related to q µν via the matter sources, finding a solution for q µν automatically provides a solution for g µν .
We have illustrated our analysis employing the gravitational analogue of Born-Infeld theory of non-linear electrodynamics, dubbed Born-Infeld gravity. It has been shown that the field equations for this theory admit a similar formal representation as those of f (R, Q) theories, which confirms the robustness of this formulation. This theory naturally accommodates a non-vanishing cosmological constant as long as λ = 1. We have obtained analytical solutions for Born-Infeld gravity coupled to a spherically symmetric electrovacuum field, generalizing in this way the Reissner-Nordström solution of GR. Remarkably, we have found that the central point-like singularity of GR is generically replaced by a wormhole structure. Performing series expansions around the wormhole throat, where the modified gravitational dynamics becomes important, we have shown that all solutions with d > 4 exhibit curvature divergences at the throat. These divergences, however, do not prevent null and time-like geodesics from being extendible across the wormhole, which has a highly nontrivial implication, namely, that the resulting space-times are nonsingular. Interestingly, though the wormhole size grows with the intensity of the electric flux (number of charges), it does in such a way that the electric field at the throat is a universal constant. On the other hand, the wormhole structure of these solutions plays a key role in the regularization of the action, whose spatial integral is finite.
The results presented in this work, therefore, put forward that black hole singularities in arbitrary dimensions can be cured in a purely classical geometric sce-nario governed by second-order field equations. The use of metric-affine extensions of Einstein's theory has been fundamental to get this type of modified (but secondorder) dynamics. The fact that space-times with curvature divergences can be nonsingular is in sharp contrast with the widely spread strategy of bounded scalars to obtain nonsingular space-times [see e.g. [40] [41] [42] [43] [44] [45] and references therein], and demands for a reconsideration of the role typically attributed in the literature to curvature divergences to characterize space-time singularities. In our case, the emergence of wormholes connecting two copies of the space-time, which give structure to the standard GR point-like singularities, has been crucial to guarantee geodesic completeness in all cases. We point out that the presence of such wormholes seems to be a generic prediction of metric-affine geometries, since they arise in four-dimensional f (R) and f (R, Q) theories as well [28, 36, 46] . Further analysis has revealed that the wormhole structure in such space-times implies, besides geodesic completeness, preservation of causal contact for physical observers going through the wormhole [19] , and a well behaved (scalar) wave propagation [20] across the divergent region. Such an analysis should be extended to the scenario considered in this work. The robustness of these results in similar scenarios with other matter sources will be explored elsewhere. Extensions of these results to models involving further curvature invariants, such as powers of the Riemann tensor with couplings different from those appearing in the GaussBonnet/Lovelock theories, will require the development of new methods to deal with the connection equations. We hope to address all these issues in future works.
Here the following conventions apply: a, b, c, d, e are indices corresponding to the 2 × 2 sector, while i, j, l, m, n are indices for the spherical sector. D is the total number of space-time dimensions and n = D − 2 the spherical sector dimensionality. The coefficients of the (Levi-Civita) connection for this metric read 
From (A4) we obtain for this case 
and therefore it follows that R t (2)t = R x (2)x . On the other hand, concerning the (D − 2) sector, for a maximally symmetric space we have R we find that 
where C = g ab ∇ a r∇ b r. Therefore, the Kretschmann scalar reads
Consider now the 2 × 2 sector written as
to meet the expression of the metric g ab , corresponding to an electromagnetic field, considered in this work. For this metric the relevant objects appearing in (B8) read
(B10) Then, the Kretschmann (B8) reads explicitly: 
